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CONTROL SYSTEM FOR VIBRATION EMPLOYING PIEZOELECTRIC 

STRAIN ACTUATORS 

REFERENCE TO RELATED APPLICATIONS 

This is a divisional patent application of copending application serial number 
09/950,406, filed September 11, 2001, entitled "CONTROL SYSTEM FOR VIBRATION 
EMPLOYING PIEZOELECTRIC STRAIN ACTUATORS." The aforementioned 
application(s) are hereby incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

The invention pertains to the field of vibration control. More particularly, the 
invention pertains to devices for passive and active control of noise, vibration and 
harshness in motor vehicles. 

DESCRIPTION OF RELATED ART 

Vibration and acoustic noise in motor vehicles present a long-standing problem for 
the automotive industry, and attempts are constantly being made to reduce vibration and 
noise levels. It is known in the art to reduce acoustic noise by reducing the vibrations of 
the panels separating the engine compartment from the passenger compartment, such as a 
dashboard or firewall, and to prevent the transmission of vibrations through the panels to 
achieve a lower acoustic noise level in motor vehicles. For example, the rigidity of the 
panel may be increased by increasing the thickness of the panel, or by providing ribs 
and/or beads in the panel. Alternatively or in addition, an asphalt sheet is thermally 
bonded to the panel, or viscoelastic material is sprayed over the panel to add a damping 
property to the panel. Such methods are well known to be effective in reducing the 
vibration transmissivity of the panel. 

However, the foregoing measures have inherent problems, such as inevitably 
increasing the weight of the vehicle body. Further, the resulting increase in the thickness 
of the panel reduces the space available for the passenger compartment. The resulting 
increase in the mass of the panel also lowers the resonance frequency of the panel, such 
that the insulation of low frequency noises may not be achieved in a satisfactory manner. 
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In view of such problems of the prior art, the present invention provides passive 
and active vibration control to reduce vibration, by employing piezoelectric strain 
actuators to passively absorb and dissipate vibration of an adjacent structure (e.g., engine 
timing cover), or actively drive actuators to oppose structural motion and/or vibration. 

5 Piezoelectricity is a property of certain classes of crystalline materials, including 

natural crystals of quartz, Rochelle salt and tourmaline, as well as manufactured ceramics, 
such as barium titanate and lead zirconate titanates (/.e., PZT). When mechanical pressure 
is applied to a piezoelectric material (e.g., by pressing, squeezing, stretching, etc.), the 
crystalline structure produces a voltage, which is proportional to the applied pressure. 
10 Conversely, when an electric field is applied, the crystalline structure changes shape, thus 
producing dimensional changes in the material. 

In most cases, the same element can be used to perform either task. For a positive 
voltage applied in the z-direction to a piezo material, a solid rectangular piece will expand 
in one direction (z) and contract in the other two (x and y); if the voltage is reversed, the 
15 piece will contract in the z-direction and expand in the x- and y-directions. Thus, piezo 
motors (i.e., actuators) convert electrical energy to mechanical energy, and piezo 
generators (i.e., sensors) convert mechanical energy into electrical energy. 

A bi-morph piezo actuator comprises two flat, thin layers of piezoelectric material 
permanently bonded together and wired out-of-phase. When one layer expands, the other 

20 layer contracts, causing the actuator to bend, much like a bi-metal strip. In 1995, ACX, of 
Cambridge, Massachusetts, now a division of Cymer, Inc. , utilized this double-layer 
piezoelectronic technology with a passive resonant circuit to reduce vibrations in skis, 
marketed as the K2 "Four" ski. The same company is presently using piezoelectric 
actuators with an active DSP control system to reduce buffeting vibrations in the tails of 

25 high-speed jet aircraft. 

Vibration and noise control using piezoelectric sensors and/or actuators attached to 
panels, such as those found in motor vehicles, jet engines or washing machines, is known 
in the art. For example, U.S. Patent No. 5,458,222, entitled "Active Vibration Control Of 
Structures Undergoing Bending Vibrations," discloses piezo transducers on panels, such as 
30 jet engine ducts or washing machine panels, piezo actuated by an AC signal to pre-stress a 
structure, such that bending vibrations are cancelled. 



U.S. Patent No. 5,498,127, entitled "Active Acoustic Liner," discloses a rigid 
backplate that supports a piezoelectric panel around an intake fan area, driven to reduce 
noise in a jet engine. 
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U.S. Patent No. 5,812,684 , entitled "Passenger Compartment Noise Attenuation 
Apparatus For Use In A Motor Vehicle," discloses a piezoelectric sensor and piezoelectric 
actuator attached to a side glass of an automobile at points along a fundamental node of 
vibration, wherein the actuators are vibrated in reverse phase to a signal generated by the 
5 sensor. 

U.S. Patent No. 6,138,996, entitled "Vibration Control Device For Automotive 
Panels," discloses a piezoelectric element used to counteract a stress of the panel created 
by vibration, thereby effectively increasing the rigidity of the panel. The patent also 
discloses use of a resonant circuit to reduce vibration. 

10 U.S. Patent No. 6,178,246, entitled "Apparatus For The Active Suppression Of 

Noise Radiated By A Surface," discloses axially sensitive piezo noise sensors and a noise 
suppression actuator for a vehicle body wall. Further, U.S. Patents No. 5,656,882, 
5,687,462, and 5,857,694 disclose piezoelectric dampers that are suitable for nxmierous 
applications. 

1 5 SUMMARY OF THE INVENTION 

The present invention includes automotive applications of both passive and active 
vibration controls. A passive resonant control system entails the use of a piezoelectric 
strain actuator to absorb and dissipate vibration at a fixed resonance frequency of 
transmission and engine timing covers. The passive resonant control system of the present 
20 invention directly addresses the problem of vibration, rather than noise per se^ specifically 
caused by chains or gears, to decrease wear or fatigue of a transmission or engine timing 
cover, thereby increasing the durability and thus extending the usefiil life of the 
automotive parts. 

Another embodiment includes the use of a piezoelectric strain actuator to absorb 
25 and dissipate gear or chain-induced vibration with an open-loop active control system 

(without feedback fi-om a position sensor), based on signals already existing on-board in 
the engine controller, such as vehicle speed, engine RPM, transmission RPM, gear ratio, 
torque, etc.. The ECU uses these signals with a control map of vibration amplitude, phase 
and frequency to generate a control signal for the vibration control circuit to drive the 
30 piezeoelectric strain actuator. 

Still another embodiment employs a hybrid system, combining both open- and 
closed-loop control. In this embodiment, an open-loop control is used to make a first 



DKTOOUOB 

U.S. Patent No. 5,812,684 , entitled "Passenger Compartment Noise Attenuation 
Apparatus For Use In A Motor Vehicle," discloses a piezoelectric sensor and piezoelectric 
actuator attached to a side glass of an automobile at points along a fundamental node of 
vibration, wherein the actuators are vibrated in reverse phase to a signal generated by the 
5 sensor. 

U.S. Patent No. 6,138,996, entitled "Vibration Control Device For Automotive • 
Panels," discloses a piezoelectric element used to counteract a stress of the panel created 
by vibration, thereby effectively increasing the rigidity of the panel. The patent also 
discloses use of a resonant circuit to reduce vibration. 

10 U.S. Patent No. 6,178,246, entitled "Apparatus For The Active Suppression Of 

Noise Radiated By A Surface," discloses axially sensitive piezo noise sensors and a noise 
suppression actuator for a vehicle body wall. Further, U.S. Patents No. 5,656,882, 
5,687,462, and 5,857,694 disclose piezoelectric dampers that are suitable for numerous 
applications. 

1 5 SUMMARY OF THE INVENTION 

The present invention includes automotive applications of both passive and active 
vibration controls. A passive resonant control system entails the use of a piezoelectric 
strain actuator to absorb and dissipate vibration at a fixed resonance frequency of 
transmission and engine timing covers. The passive resonant control system of the present 
20 invention directly addresses the problem of vibration, rather than noise per se, specifically 
caused by chains or gears, to decrease wear or fatigue of a transmission or engine timing 
cover, thereby increasing the durability and thus extending the useful life of the 
automotive parts. 

Another embodiment includes the use of a piezoelectric strain actuator to absorb 
25 and dissipate gear or chain-induced vibration with an open-loop active control system 

(without feedback from a position sensor), based on signals already existing on-board in 
the engine controller, such as vehicle speed, engine RPM, transmission RPM, gear ratio, 
torque, etc.. The ECU uses these signals with a control map of vibration amplitude, phase 
and frequency to generate a control signal for the vibration control circuit to drive the 
30 piezeoelectric strain actuator. 

Still another embodiment employs a hybrid system, combining both open- and 
closed-loop control. In this embodiment, an open-loop control is used to make a first 
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"guess" at counteracting the vibration, and a closed-loop control system using sensors for 
feedback is used to adjust or "fine tune" the phase of the signal. 

BRIEF DESCRIPTION OF THE DRAWING 

Fig. 1 shows a schematic view of an engine cover incorporating a vibration control device, 
5 according to an embodiment of the present invention. 

Fig. 2 shows a flow chart of a passive device for controlling vibration, according to an 
embodiment of the pi-esent invention. 

Fig. 3 shows a flow chart of an open-loop control device for controlling vibration, 
according to an embodiment of the present invention. 

10 Fig. 4 shows a flow chart of a vibration control device using open-loop and feedback 
control, according to an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

The control of dynamic displacement through both active and passive noise control 
strategies significantly reduces the noise, vibration and harshness (NVH) characteristics of 
1 5 automotive structures, and reduces airborne noise to levels well below the background 

noise, effectively eliminating the contributions of chain or gear (and other) excitations to 
the overall NVH. The present invention includes automotive applications of both passive 
and active vibration controls to address the problem of gear or chain-induced vibration. 

The present invention includes devices that provide NVH reduction through 
20 vibration control. The devices disclosed herein utilize piezoelectric strain actuators that 
are mounted to the vibrating structure. Typically, a structural analysis is performed to 
determine the location and shape of the vibrating structure, and the actuators are sized and 
located based on such analysis, according to methods that are well known in the art. The 
analysis also provides the critical vibration frequencies and the NVH associated with those 
25 . frequencies. 

Referring to Fig. 1, a schematic view of the general application of the vibration 
control system of the present invention to the front cover 1 of an engine is shown. The 
invention includes a control circuit (not shown) that uses the piezoelectric strain actuator 2 
to produce a response to structural vibration. Because the strain actuator 2 comprises a 
30 piezoelectric material, it can be used for sensing strain, as well as producing it. 
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Although the following examples show the use of the present invention to control 
vibration of a front engine (or timing chain) cover, it will be apparent from the present 
disclosure to one of ordinary skill in the art that the invention is applicable to a large 
number of other automotive engine or power train structures, such as valve covers, 
5 transmission covers, transfer case or differential covers, or any other power train cover 
where it is necessary to counteract vibration caused by chains or gears. The term "engine 
cover or transmission cover" is used herein to describe all such structures. 

Referring to Figs. 1 and 2, a passive resonant control system of the present 
invention entails the use of a piezoelectric strain actuator 2 attached to a surface of the 

10 engine cover 1, preferably adjacent to a point of resonant vibration 4. Strain actuator 2 

preferably is bonded to or similarly mounted on the surface of engine cover 1, and expands 
and contracts in the planar direction, in response to a drive voltage, thereby imparting 
strain on the surface of engine cover 1, and thus causing the cover to bend or flex. At the 
same time, as the cover bends and flexes in response to gear- or chain-induced vibration, 

1 5 the piezoelectric element generates a voltage in response to forces applied to it. A control 
circuit for electrically interacting with the piezoelectric strain actuator 2 is operatively 
connected to the strain actuator to absorb or dissipate structural motion or vibration of the 
engine cover 1 , resulting from gear or chain-induced vibration. In the passive control 
embodiment, the control circuit includes an analog resonance circuit 26, tuned to a 

20 resonance frequency of the engine cover, which is desired to be controlled. The passive 
resonant circuit, as is known to the art, could comprise, for example, a resistor-inductor 
(RL), resistor-capacitor (RC) or inductor-capacitor circuit (LC), or one using all three 
elements (RLC). In this embodiment, the vibration control circuit frequency is preferably 
designed to match a single structural vibration resonance frequency - for example, a Ford 

25 2.5L V-6 engine timing cover resonates at 2200 Hz, although multiple resonant circuits 

could be possible within the teachings of the invention. The range of frequencies to which 
the circuit will respond (bandwidth) can also be varied as a matter of design, as is known 
to the art - the circuit design is a compromise between effective damping and functional 
bandwidth (Q-factor). 

30 When the engine cover 1 is excited at the fixed resonant frequency, the resulting 

mechanical energy input is transformed to electrical energy by the actuator 2, and a voltage 
is generated by the actuator 2. The voltage is transmitted to the passive resonant circuit 26, 
and, if the voltage is varying at or near the resonance frequency for which damping is 
desired, the circuitry resonates. This dissipates the energy in the resonant circuit, which 

35 effectively adds damping to the mechanical system. 



DKTOOllOB 

Alternatively, the resonant circuit may also apply a countervoltage to a second 
piezoelectric actuator, causing it to bend and counteract the vibration. The sensing actuator 
and counteracting actuator may be attached as a single package, as shown at 2, or could be 
separate actuators located near each other, as shown at 2 and 3, respectively. 

By adding such damping, the present invention consequently reduces the NVH 
characteristics of the engine cover, thereby increasing the durability of the engine cover 
and thus increasing the useful life of the part. 

In an alternative embodiment, the system optionally employs a closed-loop control 
system with multiple feedback inputs from one or more sensors and/or engine control unit 
data signals. This embodiment utilizes a full feedback active vibration control system, 
wherein one or more actuators are mounted at vibrationally active locations on the 
structures for which vibration is desired to be controlled. Referring again to Fig. 1, strain 
actuator 2 is bonded to or similarly mounted on the surface of engine cover 1 , at a point of 
vibration 4. The system actively powers the actuator 2 to oppose the structural motion and 
minimize the feedback response. 

This method for active control is highly effective, particularly when additional 
information {i.e., initial guess) about the excitation frequency is included, such as, for 
example, information from an accelerometer 3. For chain-induced excitation, a measured 
or calculated excitation frequency {i.e., pitch frequency) is readily available, hi a fially 
developed system, it is also possible to utiUze a fiiU feed-forward system, based solely on 
the known chain excitation information. 

The embodiment of the present invention shown in fig. 3 includes the use of a 
piezoelectric strain actuator 2 in an open-loop active control system, to absorb and 
dissipate gear or chain-induced vibration, based on signals already existing on-board in the 
engine controller 20, which interacts with sensors 25 for detecting such characteristics as 
vehicle speed, engine or camshaft RPM, transmission RPM, gear ratio, torque, etc. In this 
embodiment, the ECU 20 reads one or more data signals representing one or more of these 
characteristics, and uses a "control map" 26 to relate variables such as frequency, 
amplitude and phase of vibration to the data signals representing vehicle characteristics, 
generating a drive signal which is transmitted from the engine control unit 20 to the input 
circuit 22 of the control circuit 21. A control signal derived from this data is ampUfied by 
an amplifier 23 and the resulting electric energy is applied to the piezo actuator 2 to 
counteract the vibration. 
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In the open-loop configuration, the piezoelectric strain actuator is used without 
feedback from position or vibration sensors at the location of vibration. Thus, the open- 
loop system applies counter-vibration based on input received from the engine control 
unit, rather than a sensor. Displacement roughly corresponds to the drive voltage, and 
factors such as creep, non-linearity and hysteresis are not compensated for. 

One potential problem with an open-loop configuration is that, without any 
feedback from a position sensor, it is possible that the system could potentially make 
vibration and/or noise even worse. To address this problem, another embodiment of the 
present invention, as shown in fig. 4, employs a hybrid system, combining both open- and 
closed-loop control. In this embodiment, the system employs the use of an engine control 
unit 20 data signal based on sensor 25 input as a "first guess" (since frequency is already 
known), and then uses a closed-loop method using a position sensor 3 to adjust the phase. 

Accordingly, it is to be understood that the embodiments of the invention herein 
described are merely illustrative of the application of the principles of the invention. 
Reference herein to details of the illustrated embodiments is not intended to limit the scope 
of the claims, which themselves recite those features regarded as essential to the invention. 



